Background: Sugarcane has been used as the main crop for ethanol production for more than 40 years in Brazil. Recently, the production of bioethanol from bagasse and straw, also called second generation (2G) ethanol, became a reality with the first commercial plants started in the USA and Brazil. However, the industrial processes still need to be improved to generate a low cost fuel. One possibility is the remodeling of cell walls, by means of genetic improvement or transgenesis, in order to make the bagasse more accessible to hydrolytic enzymes. We aimed at characterizing the cell wall proteome of young sugarcane culms, to identify proteins involved in cell wall biogenesis. Proteins were extracted from the cell walls of 2-month-old culms using two protocols, non-destructive by vacuum infiltration vs destructive. The proteins were identified by mass spectrometry and bioinformatics.
Background
The use of Saccharum sp. to produce second generation (2G) ethanol can reduce waste and increase the yield without expanding the crop area, contributing to a cleaner, more efficient and more sustainable production. However, from the economic point of view, the costs of the process need to be reduced, mostly those related to the enzymes used to deconstruct plant cell walls. Therewith, research is mainly focused on the identification of new enzymes that could efficiently degrade cell walls [1] . Other studies have been developed from the biomass perspective, describing the plant cell wall components [2] [3] [4] [5] , and even altering them attempting to achieve a higher ethanol 2G yield. Since pre-treatments facilitate cell wall digestibility to increase ethanol production, when altering plant cell wall components, focus should be either on lignin-carbohydrate complex cleavage and hemicellulose removal, or lignin modification and even on redistribution and cellulose decrystallization [6] .
Plant cell walls are mainly composed of polysaccharides and cell wall proteins (CWPs) [7] . Proteomics studies have revealed the large diversity of CWPs [8] [9] [10] . They have been grouped in different functional classes according to predicted functional domains and experimental data: polysaccharide modifying proteins, oxido-reductases and proteases, have been found as major classes. Structural proteins such as hydroxyproline-rich glycoproteins, namely extensins, arabinogalactan proteins and hydroxyproline/prolinerich proteins, have been estimated to account for about 10 % of the cell wall mass in dicots [11] and approximately 1 % in monocots [12] . However, only a few of them have been identified in proteomics studies. CWPs are involved in growth and development, signaling and defense against pathogens. They virtually take part in most functions of the cells [4, 11, 13] . They can affect cell fate, being able to sense stress signals and transmitting them to the cell interior [14] . They can also have tissue-specific functions , such as playing roles in cuticle formation [15] . Due to this versatility, plant cell walls are the subject of many fields of research.
In the case of grasses, type II-cell walls present specific features [7] . The cellulose microfibrils are interlocked by glucuronoarabinoxylans, instead of xyloglucans of type I-cell walls. In addition, the grass cell walls contain a substantial portion of non-cellulosic polymers 'wired on' the microfibrils by alkali-resistant phenolic linkages.
As mentioned above, plant cell walls contain enzymes capable of modifying the cell wall matrix [16] : endoglucanases which cleave the polysaccharide backbones; glycosidases which remove side chains; transglycosylases which cut the polysaccharides and link them together; esterases which remove methyl groups of pectins, and cleave ester bonds in polysaccharide chains; and class III peroxidases (Prxs) which form or break phenolic bonds. Altogether, these enzymes offer many possibilities to modify the structure and the mechanical properties of cell walls, and thus biomass structure [3] . Besides, the addition of plant glycosidases during the hydrolysis of corn stover could increase the ethanol yield [17] . These examples show that the repertoire of CWPs could provide interesting tools to improve the deconstruction of cell walls.
As commonly known, classical CWPs share common features. The first one is a signal peptide at the N-terminus of the protein which is responsible for their targeting to the endoplasmic reticulum (ER) [18] , the first organelle of the secretory pathway [19] . The signal peptide is not formed by a consensus amino acid sequence. However, it has a positively charged n-region at its N-terminus and a central hydrophobic h-region followed by a polar c-region at its Cterminus comprising the cleavage site [20] . In addition, CWPs do not possess the canonical ER retention signal KDEL or HDEL tetrapeptide at their C-terminus [19, 20] . The third feature is that they do not present a transmembrane domain. When passing through the secretory pathway, proteins go from ER to the Golgi complex in order to be packed into vesicles and directed to be secreted. Plasma membrane proteins show the same features as CWPs except that they have a trans-membrane domain [20, 21] .
Cell wall proteomics require challenging strategies comprising several steps, from the extraction to the identification of the proteins, compared to other subcellular proteomics works. Despite the technical hurdles, a lot of studies have been successful [8, 9] . Several aerial organs have been studied in different plant species, such as alfalfa [22] , Linum usitatissimum [23] , Solanum tuberosum [24] , and Arabidopsis thaliana [25] . In Brachypodium distachyon leaves and stems, different classes of proteins have been identified and it was possible to address some of them to the mechanism of 2G biofuel production [26] . It is then possible to alter their expression to improve cell walls deconstruction, such as the upregulation of a cell wall transcript in rice [27] .
In a recent publication, 69 CWPs have been described from isolated cells obtained from cell suspension cultures of sugarcane [28] . However, the description of the cell wall proteome from a differentiated organ is still missing. In this work, two different strategies were developed to extract the CWPs of two month-old stems: either a destructive method (DT Method) or a non-destructive one (ND Method), i.e. vacuum infiltration [29] . Proteins were identified by mass spectrometry (MS) and bioinformatics. The results were compared regarding the number and the type of CWPs. Quantitative MS data were used to identify the most abundant CWPs in sugarcane culms.
Results

Extraction of proteins from cell walls
Two-month-old sugarcane culms were selected for presenting a soft and young material, at an early stage of development. The use of young organs could lead to the identification of proteins involved in cell wall expansion, thus clarifying the mechanisms that the plant itself uses to allow growth.
Sugarcane features four stages of development: (i) germination and emergence, (ii) tillering phase, (iii) grand growth period and (iv) ripening phase, when sugar accumulates [30] . The tillering phase begins about 40 days after planting and can last up to 120 days, being the early stage of plant development [31, 32] . In this work, plants were collected 60 days after planting, halfway from the maximum tillering, measuring around 40-50 cm in height from the bottom to the upper leaf. This age was also chosen to allow distinguishing leaves and culms visually.
The DT Method was a destructive one relying on the grinding of the material and its centrifugation in solutions of increasing sucrose concentration. On the contrary, the ND Method was a non-destructive one, since it maintained the cell structures intact while performing the extraction of CWPs by vacuum infiltration of the tissues. Thus, it was expected that the DT Method would be able to extract more wall-bound proteins than the ND one. In both protocols, protein extraction from cell walls was performed using 0.2 M CaCl 2 and 2 M LiCl. The efficiency of CaCl 2 to release CWPs could rely on the fact that demethylesterified homogalacturonans strongly chelate calcium [33] , solubilizing weakly-bound proteins by a competition mechanism [34] . On the other hand, LiCl was used to extract mostly hydroxyproline-rich glycoproteins [35] All the experiments were performed in duplicates.
The DT Method produced around 518 μg of proteins from 35 g of culms (fresh weight). Regarding the ND Method, the yield was slightly lower: around 667 μg of proteins were recovered from about 50 g of culms (fresh weight). Figure 1 shows the patterns of the proteins extracted from sugarcane culms. The presence of thin resolved bands after staining showed the quality of the procedure with no degradation pattern. Each biological replicate, using either method, showed a pattern very similar to that of its counterpart and each method gave rise to a different pattern.
Identification of proteins by MS E and bioinformatics analyses
Proteins were analyzed by shotgun LC-MS/MS, after tryptic digestion. The identification of proteins was performed using the translated-SUCEST database containing ESTs [36] . Homologous genes in Sorghum bicolor, the closest related species with a fully sequenced genome, were systematically searched for. Predictions of sub-cellular localization and functional domains were done on translated ESTs when they were full-length, otherwise on homologous S. bicolor coding sequences. Because of the high level of ploidy of the sugarcane genome [37] , in some cases, different ESTs matched the same S. bicolor gene.
More detailed results of MS analyses, such as protein score and number of matched peptides, can be found in Additional files 1, 2, 3 and 4. About 65 % and 82 % of the proteins identified were found in both biological replicates, in the DT and ND Methods, respectively. These Methods allowed the identification of 70 and 103 different proteins from the translated-SUCEST database, respectively. From these, 39 (56 %) and 69 (67 %) proteins respectively had a predicted signal peptide, no known intracellular retention signal such as an endoplasmic retention signal and one trans-membrane domain at most (Table 1) . These proteins were considered as CWPs (Additional file 5), and the others as intracellular proteins (Additional file 6). The DT and ND Methods lead to the identification of different sets of proteins. (29 %) were identified using both the DT and ND Methods. It should be noted that no structural protein was identified. Besides, 16 CWPs (18 %) were previously identified in the cell wall proteome of sugarcane cell suspension cultures [28] . Consequently, 68 sugarcane CWPs were newly identified in this study.
Regarding the DT Method, the oxido-reductases (31 %), mainly peroxidases (Prxs) and two blue copper binding proteins, constituted the most represented class, followed by proteins related to lipid metabolism (18 %), all being lipid transfer proteins (LTPs). Asp proteases (16 %) and miscellaneous proteins (7.5 %), comprising thaumatin, germins and dirigent protein, were also identified (Table 1) . Surprisingly, only one glycoside hydrolase (GH) of the GH3 family, as well as a single pectin methylesterase (PME) were identified from the proteins acting on carbohydrates class (5 %). Proteins with interaction domains (2.5 %) were represented by one serine protease inhibitor. Proteins of yet unknown function (20 %) were numerous and it was possible to highlight the presence of proteins with DUF642 domains, already found in other cell wall proteomes [38, 39] , and proteins homologous to phloem filament protein 1.
The most represented functional class using the ND Method was that of proteins acting on carbohydrates (25 %), mostly GHs (families 1, 3, 19, 28, 17, 18, 35) and two carbohydrate esterases. Proteins related to lipid metabolism (20 %) comprised LTPs and one GDSL-lipase. Oxido-reductases (14 %) were mostly Prxs. Miscellaneous proteins (13 %) were mainly represented by thaumatins and germins. Proteases (12 %) were Asp, Ser or Cys proteases. Proteins with interaction domains were represented by one Ser protease inhibitor and signaling proteins by one leucine-rich repeat receptor kinase. Finally, proteins of unknown function comprised proteins with DUF642 and DUF568 domains.
We have also performed a quantitative analysis of the CWPs identified by both methods (Table 1) . Only the proteins present in amounts higher than 100 femtomoles, calculated by averaging the results of the two biological repeats, have been listed in Table 2 . When a protein has been identified using both methods, its quantification could be the same or different if either of the two methods could extract it more efficiently. These differences could, (i) result from the loss of proteins during the washings steps required to purify cell walls using the DT Method or, (ii) due to different types of interactions with cell wall components. Among the proteins present in high amount in culm cell walls, LTPs are well represented with 10 out of 17 proteins. One GH3, three Asp proteases and two DUF642 proteins were also found in the top17 list.
Two approaches were used to statistical analysis: a multivariate analysis, the Scores plot and Vip scores (Fig. 3b, c, respectively) , and a univariate one, the Volcano plot, as shown in Fig. 3a. In Fig. 3a , three proteins could be considered as those contributing the most to the distinction between the DT and ND Methods. Figure 3b indicates that the DT and ND Methods differ statistically from each other, since it is possible to separate two distinct groups of proteins regarding the quantity of proteins extracted in each technique. In addition, the two first components (vectors) contributed positively to the model (value of Q 2 positive = 66.5 %), and the variation of the proteins was 97.5 % (R 2 ). Values of Q 2 > 0.08 indicates that a model is better than chance, and scores of 0.7 or higher, demonstrate a very robust trend or separation [40] . The protein SCCCRZ3002G10 of unknown function was the one that contributed the most to the separation of the groups, being found in higher amount using the ND Method (Fig. 3a, c) . The SCCCAM2002F12 and SCEPLB1044H04 LTPs, in turn, were the third and the fourth proteins that contributed to the separation of the two groups in Partial-Least Squares Discriminant Analysis -PLS-DA2, being found in higher amount in the ND and DT Methods, respectively.
As presented in Fig. 3c , using the average of the quantitative data obtained for each method, the statistical analysis showed that from the 15 proteins that most contributed to distinguish the DT and ND Methods, nine of them showed a much higher amount using the ND Method. Additional file 7 shows important features identified by Volcano Plot.
Comparison of the CWPs of sugarcane young culms to those of stems of other plants
Previous cell wall proteomics studies were performed on B. distachyon basal and apical internodes [26] , Medicago sativa basal and apical stems [22] and Linum usitatissimum young stems [23] . All these data have been collected in the WallProtDB database
[39] and annotated in the same way, thus allowing comparisons [41] . These CWPs were compared to the newly identified CWPs of sugarcane stems (Fig. 4) . In B. distachyon, a protocol very similar to the DT Method was used, but the LC-MS/MS analysis were done with 1-D gel pieces [26] . L. usitatissimum stem CWPs were extracted using a protocol similar to the DT Method and 1-D gel pieces corresponding to stained protein bands were used as starting material for FT-ICR MS analysis [23] . On the other hand, in alfalfa stems, EGTA tretament and LiCl were used for protein extraction, and 1-D gel pieces were digested prior to analysis using a nanoAcquity UPLC system [22] . Although different strategies for protein extraction and MS analyses have been used, all the protocols used the same salts to extract proteins from cell walls: CaCl 2 and/or LiCl. The stem cell wall proteomes of all the above species showed very similar percentages of proteins acting on carbohydrates. An outstanding observation was that sugarcane had a much higher percentage of proteins related to lipid metabolism (17 %) than all the other species (0-9 %). The dicot M. sativa presented a much higher proportion of proteins with interaction domains in comparison with the monocots (14 % vs less than 5 %). The monocots showed a higher proportion of oxido-reductases in comparison with the dicots (about 20 % vs about 15 %). A much smaller proportion of proteases was found in L. usitatissimum stems [23] .
Discussion
In this work, 84 different sugarcane CWPs were identified in young culms using two different strategies. Together with the cell wall proteome of cell suspension cultures [28] , 137 different CWPs of sugarcane have been identified. In this study alone, 68 CWPs were newly identified and 16 CWPs were identified in both culms and cell suspension cultures, among which 5 Prxs. Besides, the proportion of proteins predicted to be intracellular in culm extracts (33 % and 44 %) was lower than in sugarcane cell suspension culture extracts (81.6 %) [28] , being quite the same as in B. distachyon young internodes [26] . This is probably inherent to the type of material, since a lot of cell debris are present in the culture medium [28] .
Interestingly, the proportion of intracellular proteins was higher in leaves than in stems in B. distachyon [26] ; the same case has been observed for sugarcane (unpublished observations). The ND Method has lead to the identification of about 75 % more CWPs than the DT Method (69 CWPs vs 39), and around 81 % of the CWPs (68 CWPs out of 84) have been identified using one method of extraction only. These results show the importance of using different strategies to enlarge the coverage of a cell wall proteome. The ND Method has allowed the recovery of more CWPs of sugarcane culms, and much more GHs than the DT method. If the objective of the study is to get an overview of CWPs or of glycosidases, this strategy should be considered. In addition, if the goal is especifically to recover GHs, perhaps a total protein extraction followed by affinity chromatography on Concanavalin A is the best option [25] . However, if the aim is to go deeper into Prxs, the DT Method looks more appropriate. Besides, both methods showed a good reproducibility since between 65 % and 82 % of CWPs were identified in both biological replicates. Although rarely discussed in cell wall proteomics paper, this result is consistent with those of previous studies [26] .
The ND Method could recover both a higher number of CWPs and a higher amount of those contributing to the discrimination between the two methods through the statistical analysis. Additionally, the three proteins highlighted in the univariate analysis were also present in the multivariate analysis, being numbers 1, 3 and 4 from the 15 CWPs considered to be the most important for the discrimination between the two methods. The major difference between the two ND and DT methods regards proteins acting on carbohydrates: only one CWP has been identified using the DT Method whereas one fourth of the CWPs belongs to this class using the ND Method. Since the same organs were analyzed, this difference has to be related to the strategy used for protein extraction. Some proteins could have been lost during the washing steps required to clean cell wall fragments in the case of the DT Method [9] . This could explain Table 2 Most abundant CWPs in the cell wall proteome of sugarcane young stems. Proteins with average amounts between the two biological repeats higher than 100 femtomols using either method are listed (see Table 1) SUCEST accession number The relative amount of proteins quantified using either method is indicated (see Table 1 ) why more CWPs were found using the ND Method. However, the use of the DT Method with sugarcane cell suspension cultures allowed the recovery of several GHs [28] . Then, the low number of GH identified in this study using the DT Method could be related to the structure of the sugarcane culm cell walls. In the case of grasses, cell walls contain different matrix polysaccharides and protein components, when compared to dicot cell walls. As an example, grass cell walls present cellulose microfibrils interlocked by glucuronoarabinoxylans instead of xyloglucans. In addition, they contain a substantial proportion of non-cellulosic polymers wired on cellulose microfibrils by alkali-resistant phenolic linkages [7] .
As found with the ND Method, most previous cell wall proteomics studies showed that proteins acting on carbohydrates were the most represented [29, 42] . The role of such proteins in cell walls points to the rearrangements of polysaccharides during development [11, [43] [44] [45] . These modifications can occur through the hydrolysis of glycosidic bonds within polysaccharides or between a carbohydrate and a non-carbohydrate moiety [46] . Not surprisingly, they can play important roles during germination [47] , defense against herbivory [48] , lignification [49] and regulation of phytohormones [50] . In this functional class, all but two were GHs, represented by one acyl-esterase and one PME. GH1, 3, 17, 19 and 28 were also found as the major GH families present in the cell wall proteomes of B. distachyon, Oryza sativa and A. thaliana [26, 51] . One member of the A. thaliana GH1 family has been shown to degrade β-mannosides, suggesting that it could hydrolyze mannans, galactomannans, or glucogalactomannans in muro [46] . Proteins of the GH3 family could have α-L-arabinofuranosidase and/or β-xylosidase activities [52] . One GH3 is among the most abundant CWPs identified in sugarcane culms. GH1 and GH3 were also identified in termite stomach, being characterized as β-glucosidases, i.e. cellulases that preferentially hydrolyze β-1-4 glycosidic linkages [53] . However, the overexpression of a rice β-glucosidase and an endo-glucanase was null and led to deleterious effects, respectively [54] . This may indicate that perhaps these enzymes should not be altered if the goal is to achieve a less Fig. 4 Comparison of the percentage of proteins identified. CWPs present in this study were compared with known cell wall proteomes of stems from different species: B. distachyon [26] , L. usitatissimum [23] , and M. sativa [22] . Proteins were distributed in functional classes -according to the legend of Fig. 2 (See figure on previous page.) Fig. 3 a. Volcano plot: Univariate Statistical analysis of the quantified proteins in both methods. Axis x: Fold Change. Axis y: p value. b. Scores plot: separation of two groups based on the statistical analysis of the amount of the proteins. c. VIP scores. Multivariate Statistical analysis showing the 15 proteins that contributed the most to the separation of the two groups: DT (T1) and ND Method (T2), regarding quantitative data. Black squares mean higher amounts of proteins and gray ones lower amounts. Since two replicates were used for each treatment, the median was calculated from both of them and named T1R3 and T2R3 for DT and ND Methods, respectively recalcitrant plant. However, by altering the expression of exo-glucanases, it was possible to increase saccharification in rice, besides negative effects on plant development [54] . In B. distachyon culms, no GH35 was identified and a higher proportion of GH17 and 18 were found in comparison to GH1 and 3 [26] , an opposite finding to sugarcane culms. Another CWP-to-watch is the PME, since the expression of a fungal pectin methylesterase inhibitor (PMEI) in wheat and Arabidopsis could increase the efficiency of enzymatic saccharification [55] .
The proportion of oxido-reductases was almost the same as that found in the cell wall proteome of sugarcane cell suspension cultures [28] . In B. distachyon culms, the percentage of oxido-reductases was closer to that found using the ND Method [26] , although the work was performed with a protocol very similar to the DT Method. So it is not possible to conclude that the method itself was more likely to extract these proteins. As found in B. distachyon [26] , Prxs and blue copper binding proteins were more numerous in the sugarcane than in the A. thaliana cell wall proteome. Different populations of Prxs were extracted by the ND and DT Methods. This could be related to their different abilities to interact with pectins as shown for a zucchini and an A. thaliana Prxs [56, 57] . Although Prxs are numerous (14 out of 84 CWPs) in the sugarcane culm cell wall proteome, none of them was found amongst the most abundant CWPs. Prxs are well-known cell wall enzymes, identified in many cell wall proteomics studies [58] . They could be involved in cell wall polysaccharide rearrangements during development, defense reactions or signaling [58] . Their activity is versatile. During the hydroxylic cycle, Prxs can produce ROS that break cell wall polysaccharides in a nonenzymatic way, promoting wall extension, whereas during the peroxidative cycle, Prxs can favor cross-linking of cell wall components such as structural proteins or lignins [59] . So, Prxs are also a class of proteins to be watched when searching for proteins that could potentially facilitate the production of cellulosic ethanol. The blue copper binding proteins have already been found in cell wall proteomes [42, 60] . They have been associated to redox processes such as electron transfer proteins with small molecular mass compounds [61] . Blue copper binding proteins were not found in the cell wall proteome of sugarcane cell suspension culture [28] .
LTPs were already identified in many cell wall proteomes [29, 60] . They have been assumed to bind hydrophobic molecules in cell walls which could be essential for cell wall loosening, thus facilitating wall extension [62] . LTPs could also be involved in cuticle formation [63] . Since sugarcane culms have a thick cuticle, this could explain the high number of identified LTPs in their cell wall proteome. This number is much higher than in any other species studied before [10, 22, 25, 26] .
This explanation is consistent with the fact that a much lower number of lipid-related proteins was found in sugarcane cell suspension cultures which are undifferentiated cells [28] . LTPs are also the family that embraced the highest number of proteins with an average quantity higher than 100 femtomoles (8 out of 17 proteins). Additionally, five LTPs were among the 15 proteins who contributed the most to the discrimination between the ND and DT Methods.
Proteases can participate in various processes of the plant life cycle, such as development, defense, stress response and adaptation to the environment [64] . In sugarcane culms, mostly Asp proteases have been identified. Asp proteases were also numerous in the B. distachyon cell wall proteome [26] . Three Asp protease were found among the 17 most abundant CWPs of the sugarcane culm cell wall proteome. Asp proteases may be linked to disease resistance signaling, being accumulated in the extracellular matrix under pathogen attack [65] . Besides, two Ser proteases of the subtilisin family were identified. Proteins of this family have been shown to display various functions in plant development and signaling [14, 64, 66, 67] . Finally, one Cys protease was identified, a type of protease that can be related to the regulation of senescence and seed germination, as well as to defense roles [65, 68] . Cys proteases are known to be secreted in the apoplast [65] . It should be noted that Ser and Cys proteases were only found using the ND Method.
Several thaumatins have been identified, mainly using the ND Method. Thaumatins are pathogenesis-related proteins. Several of them have been shown to be β-1,3-glucanases showing anti-fungal activity [69] . However, one thaumatin has been shown to exhibit a polyphenol oxidase activity [70] . Finally, some proteins of unknown function were found, especially members of the DUF642 and DUF568 families. DUF642 proteins present a conserved region found in a number of plant proteins [71] , and have been identified in all the cell wall proteomes studied so far [63] . One A. thaliana DUF642 protein has been shown to interact with cellulose in vitro [38] . In sugarcane culms, two DUF642 proteins were among the most abundant proteins. Thus, these proteins probably take part in important processes in the cell wall. On the other hand, one DUF568 is known as an auxinresponsive protein, AIR12, that may interact with other redox partners within the plasma membrane to constitute a redox link between the cytoplasm and the apoplast [72] .
Some protein families were under-represented in the cell wall proteome of sugarcane culms when compared to other cell wall proteomes. Only one protease inhibitor has been identified. It belonged to the Bowman-Birk family. It has been characterized as a trypsin inhibitor associated with the regulation of endogenous seed proteinases, storage of sulfur amino acids and defense against insects and pathogens [73] . In sugarcane cell suspension cultures, different families of proteins with interaction domains have been identified, and in B.distachyon, proteins of the Bowman-Birk family were found both in leaves and internodes [26] . Regarding proteins possibly involved in signaling, the LRR receptor kinase family was commonly found in other cell wall proteomics studies [23, 26, 28] . Such proteins probably play roles in signal perception during development or in response to environmental cues [74] . One dirigent protein has been identified in sugarcane culms. Such proteins have been assumed to play a role in lignification through the control of monolignol coupling affecting wall flexibility and its mechanical strength [75] . Members of this family have been identified in B. distachyon stems [26] . No structural protein has been found in the sugarcane cell wall proteome, as in previous studies [23, 25, 26, 28, 29, 42] . This is probably because these proteins are difficult to extract when they are covalently cross-linked [59] . Usually, they cannot be extracted by salts [35] , thus, different strategies should be used if structural proteins, such as extensins, are the focus [76] .
Conclusions
This work has contributed to three main aspects: (i) characterize CWPs from sugarcane young stems, (ii) compare the CWPs found, regarding type and amount, using two different methods of extraction and (iii) point at candidate CWPs to be used in future research to enhance 2G ethanol production. This study also offered a glimpse to the quantification of CWPs, providing help for the decision of which method is more suitable for the efficient extraction of different types of CWPs from sugarcane culms. If the focus is on GHs or getting an overview of the cell wall proteome, then the ND Method could be used. Otherwise, if looking for Prxs, the DT Method is the more adequate. Our results highlight the importance of using different strategies to isolate CWPs.
Future studies that could explain how these proteins interact with cell wall components, and use these GHs to obtain a custom-made plant to enhance 2G ethanol production will bring new perspectives to an old problem: the viability of this biofuel. In addition to GHs, attention should be paid to other proteins such as Prxs and dirigent proteins, since Prxs can favor cross-linking of the cell wall components such as proteins or lignins [58] . Therefore, they could be used in genetic engineering since lignin is a cell wall barrier preventing the access of cellulose to enzyme attack in order to break these sugars into fermentable ones [77] . Lowering the lignin content or modifying lignin linkages to facilitate its removal are two possible ways to enhance the efficiency of biomass deconstruction [1] . Finally, some proteins of yet unknown function could be interesting candidates.
Methods
Plant material
Sugarcane plants from variety SP80-3280 were used in all the experiments, provided by Dr. Maria Cristina Falco from the Sugarcane Technology Center (CTC, http:// www.ctcanavieira.com.br/). This sugarcane variety was chosen as the one having available sequenced ESTs [36] . Pieces of culms of 7 cm each containing lateral buds were planted in pots, containing a mixture of vermiculite 1:1 compost (Plantmax, Eucatex Indústria e Comércio SA, São Paulo, Brazil) and acclimated in a greenhouse at 26°C. Sugarcane plants were watered daily and nutrient solution (Plant-Prod 4 g/L, Master Plant-Prod Inc, Brampton, ON, Canada) was added every 15 days. Since the plants were obtained after only two months of growth, all the portions of the culms were collected. For both methods, the plants were collected and the proteins were immediately extracted.
Extraction of proteins from cell walls and separation by 1D-electrophoresis
Two different strategies were used, respectively called DT and ND Method. Two biological replicates were performed in each case. For each experiment, material from 2 different plants randomly picked was used. The DT Method was a destructive one [35] , whereas the ND Method was a non-destructive one [29] .
To perform the extraction of proteins with the DT Method, culms were collected and cut into small pieces, washed with Ultra High Quality (UHQ) water and transferred to a blender containing 500 mL of a sodium acetate buffer 5 mM, pH 4.6, with 0.4 M sucrose, polyvinylpolypyrrolidone (PVPP) (1 g per 10 g of fresh tissue, Sigma Chemical, St Louis, MO, USA) and 3.3 % (v/v) antiprotease cocktail (P9599, Sigma). The plant material was ground in the blender for 8 min at maximum speed. Cell walls were separated from the soluble cytoplasmic fluid through centrifugation for 15 min, at 1000 g and 4°C. The resulting pellet was submitted to two successive centrifugations in 500 mL of sodium acetate buffer 5 mM, pH 4.6, plus 0.6 M and 1 M sucrose, respectively. The final pellet was washed with 3 L of 5 mM sodium acetate buffer, pH 4.6, on a Nylon net (pore size = 50 μm) (Nitex, Dominique Dutscher, Brumath, France). The resulting cell wall fraction was ground with liquid nitrogen, and freeze dried for 48 h. The extraction of proteins from purified cell walls with 0.2 M CaCl 2 and 2 M LiCl solutions was conducted as described [59] .
In the case of the ND Method, the culms were collected, washed with UHQ water, cut in small pieces (about 7 cm in length) and then immersed in a beaker with a buffer solution containing 5 mM sodium acetate, pH 4.6, 0.3 M mannitol, 0.2 M CaCl 2 and 0.1 % (v/v) anti-protease cocktail (P9599, Sigma). The beaker was placed in a desiccator attached to a vacuum pump and the culm pieces were infiltrated under vacuum for 10 min. Thereafter, the infiltrated material was centrifuged (200 g for 20 min at 4°C) in swinging buckets (CTR429, Jouan centrifuge). The resulting fluids were collected at the bottom of the tubes. The processes of vacuum infiltration and centrifugation were repeated once. Finally, the pieces of culms were infiltrated again and centrifuged, as in the previous step, in a solution containing 2 M LiCl instead of CaCl 2 . The protein extracts were desalted on EconoPac® 10DG column (BIO-RAD, Hercules, CA, USA) as described [42] . Proteins were then solubilized in UHQ water and quantified by the CooAssay Protein Assay kit (Interchim, Montluçon, France) according to a modified Bradford method [78] .
In order to verify the quality of the extractions, 40 μg of proteins were separated by 1D-electrophoresis as described [79] . After that, the staining of the bands was carried out with a Coomassie Brilliant Blue (CBB)-based method [80] . The image of the gel was obtained through a scanner (GE-III Image scanner, GE Healthcare, Ramonville Saint-Agne, France).
MS E analysis
Sample preparation was performed as described [28] . However, after increasing pH by adding 5 μL of 1 N NH 4 OH, an additional step was performed: the addition of phosphorylase B-rabbit (Waters, Manchester, UK) as an internal standard (2.5 μL of 1 pmol.μL −1 ) to the digested aliquot (80 μL). Consequently, 17.5 μL of 20 mM ammonium formate was added to the vials, reaching a final volume of 100 μL.
For each extract, 5 μL of the total protein digest (containing 3 μg of proteins) were fractionated by reverse-phase ultraperformance liquid chromatography (2D-nanoACQUITY UPLC®, Waters®, Manchester, UK). Separation in two dimensions, elution and trapping were performed as described [28] . Acquisition of MS data used a Synapt G2 HDMS equipped with an ion mobility cell and a NanoLockSpray source in the positive ion and 'V'mode (Waters®), with the same parameters as described [28] . MS experiments were performed by switching between low (3 eV) and high collision energies (15-50 eV) applied to the 'T-wave' cell trap, filled with argon. The low and high energy scans from m/z 50 to 2000 used a scan time of 0.8 s. The intensities of the spectra were calculated using the stoichiometric method during MS experiments, according to the internal standard, to identify and quantify the proteins [81] . ) (Waters, Corp., Milford, USA) were used as lock masses and instrument calibration. Data-independent scanning (MS E ) experiments were performed by switching between low (3 eV) and elevated collision energies (15-50 eV), applied to the trap 'T-wave' cell filled with argon. Scan time of 0.8 s were used for low and high energy scans from m/z 50 to 2000 [81] .
Identification and annotation of proteins
The bioinformatics analysis was performed as described [28] . However, since phosphorylase B-rabbit (Waters) was used as an internal standard to quantify peptides in the present study, its sequence was added to the SUCESTtranslated EST database. The quantification of the proteins, in femtomoles, was obtained as an average from the biological replicates. Proteins were noted as "identified" when quantification was not possible due to low abundance ( Table 1 ). The PGLS 2.5.1 expression data values of p < 0.05 and p > 0.95 were considered as statistically significant for down or up-regulation, respectively, considering the quantitative protein ratio DT method/ND Method.
Two biological replicates were performed in this study, and only proteins presented in both replicates were considered. Proteins were considered to be secreted and named CWPs when it was possible to predict a signal peptide with at least two bioinformatics programs, when no intracellular retention signal was predicted and when no more than one trans-membrane domain was predicted [28] . This work was done either manually for sugarcane translated ESTs or using ProtAnnDB for S. bicolor sequences [82] . In order to find S. bicolor (the closest species with a fully sequenced genome) homologous genes for the identified sugarcane ESTs, a blastp search was performed [83] , as described [28] . Only proteins showing at least one specific peptide were considered.
CWPs were distributed into eight functional classes according to their annotation using InterPro [84] and PFAM [85] . All the data have been included in the WallProtDB database [43] .
The median of the quantified proteins identified was calculated, being considered as T1R3 and T2R3, for the DT and ND Methods, respectively. Statistical processing was performed with MetaboAnalyst software 2.0 [86] . The quantitative data were normalized by the median, followed by a logarithmic transformation (Log2) and Pareto Scaling. The Partial-Least Squares Discriminant Analysis (PLS-DA) was used for the data analysis. In PLS-DA, R 2 values were observed, which indicate how much of the total variation in the dataset is described by the analysis components, and Q 2 values, which indicate
